Abstract: Modulating spatial near-infrared light for ultra-compact electrooptic devices is a critical issue in optical communication and imaging applications. To date, spatial near-infrared modulators based on graphene have been reported, but they showed limited modulation effects due to the relatively weak light-graphene interaction. In combination with graphene and metallic nanoslits, we design a kind of ultrathin near-infrared perfect absorber with enhanced spatial modulation effects and independence on a wide range of incident angles. The modulated spectral shift of central wavelength is up to 258.2 nm in the near-infrared range, which is more promising in applications than state-of-the-art devices. The modulation enhancement is attributed to the plasmonic nanoslit mode, in which the optical electric field is highly concentrated in the deep subwavelength scale and the light-graphene interaction is significantly strengthened. The physical insight is deeply revealed by a combination of equivalent circuit and electromagnetic field analysis. The design principles are not only crucial for spatial near-infrared modulators, but also provide a key guide for developing active near-infrared patch nanoantennas based on graphene. 
Introduction
Recently, plasmonic perfect absorbers (PPAs) have attracted a surge of research interest due to their extensive applications from ultraviolet to terahertz frequencies, including sensors [1] , thermal imaging [2] , light trapping [3] , and photovoltaics [4, 5] . A typical metal-dielectricmetal (MDM) configuration with periodic patterns provides a precise approach to design and fabricate ultrathin PPAs for high absorptivity of incident optical energy [6] . Conventional plasmon-supporting metals, such as gold and silver, are widely used for the design of PPAs due to their high carrier concentrations (~10 22 cm −3 ), but their optical response are passive without the capability of electrical tuning, which further limits applications of PPAs on spatial light modulation [7] . Doped semiconductors with lower carrier concentrations (~10 20 cm −3 ) might be used for active PPAs with electrically reconfigurable optical response, but they suffer from large structural footprint for weak electro-optic properties, integration inconvenience, high drive voltage, long switching time and narrow optical operation bandwidth [8] . Therefore, a compact structural design with strong and fast modulation effects is quite in demand for developing active perfect absorbers with high performance.
Over the past few years, research on graphene has demonstrated exceptional electrical and optical properties for electrical modulation of its optical response based on voltage control [9] [10] [11] [12] . In the mid-infrared and far-infrared range, graphene exhibits highly tunable optical properties due to the effects of surface plasmons [13] , and electrically tunable PPAs with strong light modulation effects across this spectral range have also been reported [14] . However, strong electrical tunability of electromagnetic response in PPAs using graphene has so far not been reported at the range of near-infrared light, which is dramatically significant for many technological applications, including detection, biosensing, and telecommunication [15] [16] [17] [18] . This is because in the near-infrared range intrinsic graphene generally acts as a lossy dielectric material with frequency-independent absorption and exhibits relatively weak lightmatter interaction without the support of surface plasmon polaritons (SPPs) [19] .
Methods
In order to significantly enhance the capacity of electrical tuning for PPAs in the near-infrared range, we propose loading graphene in the dielectric layer of an MDM plasmonic absorber in combination with a guided gap-plasmon mode and a plasmonic nanoslit mode. In this paper, we focus our research on the design of an ultrathin MDM nanostructure using graphene with strong light modulation effects and reveal theoretical principles for reconfigurable mechanisms through systematic electromagnetic simulations. The proposed graphene-based PPA consists of periodic silver nanoribbons on graphene supported by a flat silver substrate, as shown in Fig. 1 . The graphene layer is sandwiched between two hexagonal boron nitride (h-BN) layers in order to avoid direct electrical contact and carrier transport between silver and graphene. The upper h-BN layer is 1 nm thick, while the thickness d of the lower h-BN layer is taken in the range of 10~60 nm, which is variable to support the near-infrared performance. The periodic silver nanoribbons are typically close to each other, forming a nanoslit of more than 5 nm, for which quantum effects between nanoribbons are ignored [20] . The modulated reflectance spectra have been investigated using a 2D finite-difference time-domain method, which numerically solves Maxwell's equations under Floquet boundary conditions and open boundary conditions (perfect matched layers). The optical constants of silver and lossless h-BN are taken from literature [21, 22] , and the non-uniform discrete mesh is applied for all simulations. In view of the structural polarization characteristics, TM wave illumination is used for the study. This work is based on simplified 2D electromagnetic simulations for metallic nanoribbons with an infinite length, but the research achievements can be also extended to applications of PPAs using metallic nanoparticles.
Since the interaction between light and graphene originates from carrier transport on the atomic thin film, we assume that graphene is an anisotropic dispersive dielectric material with an effective relative permittivity tensor E as
where ω is the angular frequency of light, ε zz is assumed as an out-of-plane component of graphene with a constant value of 9.0 [23] , ε xx (ω) and ε yy (ω) are in-plane components of permittivity, which can be represented by the surface conductivity of graphene σ as
where ε 0 is the permittivity of vacuum, and the thickness of graphene ∆ is assumed as 0.5 nm [24] . The surface conductivity of graphene σ can be calculated by the Kubo formula as below [25, 26] ,
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where σ intra and σ inter are originated from the intraband and interband transition, respectively,
is the Fermi-Dirac distribution function, ħ is the reduced Planck constant, e is the electron charge, μ c is the chemical potential, T is Kelvin temperature, Г is the scattering rate, k B is the Boltzmann constant, and ξ is the energy of electrons. For the physical model of graphene, we assume the effects of optical saturation and non-linear response are ignored. Based on the experimental work from Zhang et al. [27] , Г is taken as 16.67 ps −1 , and room temperature T = 300 K is assumed for all simulations. Therefore, the value of σ mainly depends on μ c and ω, and the value of μ c ranging from 0.1 eV to1.0 eV in the near-infrared regime is investigated in this study [28] . indicates that ε i decreases slightly with increasing μ c until μ c ≈ħω/2, whereas ε i has a dramatic drop when μ c becomes larger than ħω/2. These results are attributed to the fact that in the near-infrared region, the energy of the incident light is much larger than that in the mid-infrared and far-infrared regime, so both the interband transition and intraband transition of graphene play an important role in the lightgraphene interaction. Particularly, when μ c is larger than ħω/2, intraband transition dominates light-graphene interaction, and the effects originated from interband transition can be neglected.
Results and discussions
In order to elucidate the modulation capability of proposed PPAs, we compare the reflectance spectra with various chemical potentials of graphene in Fig. 3(a) . It is observed from Fig. 3(a) that the resonant wavelength of PPA is red-shifted from 2066 nm to 2108 nm as μ c increases from 0.1 eV to 0.3 eV. On the contrary, the increase of μ c from 0.3 eV to 1.0 eV brings about a significant blue-shift of ~158 nm in the spectrum (resonant wavelengths changing from 2108 nm to 1950 nm). Furthermore, with the increase of μ c , the reflectance dips gradually become narrower and sharper, leading to a large modulation depth, which can be calculated by 1-R 1 (λ)/R 2 (λ), where R 1 (λ) and R 2 (λ) represent the reflectance of two specific chemical potentials at the same wavelength, and (R 1 (λ)<R 2 (λ)). As shown in Fig. 3(a) , at the wavelength of 1950 nm, the reflectance of 0.3 eV is 45%, while the reflectance of 1.0 eV reaches a minimum value of 6%. Therefore, the modulation depth at 1950 nm is 86.7%, which can be further improved by optimizing the geometry of the PPA nanostructure. The modulation efficiency predicted in the simulated nanostructure is much higher than some state-of-the-art devices based on hybrid graphene-plasmonic nanostructures [29, 30] , and this indicates that the proposed nanostructure is more competitive for developing applications of active spatial near-infrared modulators. The modulation effects of graphene-based PPAs can be explained by an equivalent circuit model for normal light incidence, as shown in Fig. 3(b) . The circuit shows that the characteristic impedance of free space is Z 0 = (µ 0 /ε 0 ) 1/2 , where ε 0 and µ 0 are the permittivity and permeability of free space, respectively. The PPA possesses the frequency-dependent permittivity ε(ω) and permeability µ(ω) under effective medium approximations [31] , so the input impedance of PPA is determined by
. When Z(ω) is matched with Z 0 in principle, the PPA obtains minimum reflection to the incident wave, and maximum optical absorption is reached since transmission is blocked by use of a silver substrate. The unit cell of PPA is a nanostructure with deep subwavelength scale and can be seen as an RLC loop in Fig. 3(b) , where R n , R s and R g represent the ohmic loss resistance in the silver nanoribbon, silver substrate and graphene, respectively; L is the equivalent inductance that depends on effective electrical length between the nanoribbon and silver substrate. Particularly, C is the equivalent capacitance due to the existence of the deep subwavelength nanoslit, which is determined by its geometry and the permittivity of environmental dielectric materials, including graphene underneath the nanoslit. Since the permittivity of graphene is voltage-controllable, the capacitance value of C is electrically tunable. In the RLC loop, the resonant wavelength is generally proportional to (LC) 1/2 , so the reflective spectrum of graphene-based PPA is electrically reconfigurable by controlling the value of C. According to Fig. 3(c) , the change of μ c from 0.1 eV to 0.3 eV raises the real part of in-plane permittivity ε r and leads to an increase of C, which increases the resonant wavelength as shown in Fig. 3(a) . Similarly, the dramatic shift of spectra for 0.6 eV and 1.0 eV in Fig. 3(a) are also attributed to the significant change of ε r . Moreover, the imaginary part of in-plane permittivity ε i determines R g in the RLC loop, and it substantially gets smaller in the near-infrared range as μ c increases from 0.1 eV to 1.0 eV as shown in Fig. 3(d) , which promotes the quality factor of reflectance spectra and makes the spectral dips tend to be narrower and sharper as shown in Fig. 3(a) . To obtain further insight into the physical origin of reflectance modulation, we discuss the electromagnetic field distributions of two specific μ c , as shown in Fig. 4 . Analogous to other PPAs based on MDM structures [32] , the suppressed reflectance is attributed to matching of the wave impedance between vacuum and the artificial structure, which is further derived from the superposition of inverse optical fields that are induced by electric dipole (Figs. 4(a) -4(c)) and magnetic dipole (Figs. 4(d)-4(f) ) excited by the incident wave. The incident fields are trapped between the silver nanoribbon and the silver substrate as the guided gap-plasmon mode and further induce the effects of resonant absorption, which has been systematically demonstrated in our previous work [33] . Next, we focus on investigating electromagnetic effects of the nanoslit based on field analysis. In the proposed nanostructure, neighboring silver nanoribbons are extremely close (~10 nm) to each other, the evanescent field scattered by one nanoribbon is considerably strong in the vicinity of the other nanoribbon compared to the exciting field, and this leads to the intense coupling of scattered field from each nanoribbon, so that the electric field is dramatically enhanced and concentrated surrounding the edges of the nanoribbons and inside the nanoslit, as shown in Figs. 4(a)-4(c) .
The high confinement of electric field energy density in the deep subwavelength scale can be further attributed to the plasmonic nanoslit mode, in which there is a resonant excitation of the fundamental field-symmetric SPP mode supported by the truncated metal-slit-metal plasmonic waveguide [34, 35] . Graphene is closely located underneath the nanoslit, so changing the optical properties of graphene by chemical potential μ c can significantly tune the coupling effects between neighboring silver nanoribbons, which influences the resonant wavelength of PPAs, as shown in Figs. 4(a)-4(c) . When μ c = 0.3 eV, graphene acts as a lossy dielectric material and exhibits relatively weak light-graphene interaction as shown in Fig.  4(a) . At λ = 1950 nm, when μ c is switched to 1.0 eV from 0.3 eV, ε r of graphene changes from positive to negative, and ε i of graphene becomes much smaller, which provides conditions that satisfy the generation of SPPs and enhance light-graphene interaction as shown in Fig.  4(c) . The interaction enhancement mainly strengthens the in-plane electric field coupling and significantly influences the resonant wavelength, and the effects of SPPs on graphene influence the direction of magnetic field (as shown in Fig. 4(f) ) much more slightly, compared with the electric field in Fig. 4(c) . This is because non-magnetic graphene has an ultrathin volume in the dielectric layer and its out-of-plane permeability is always constant. The electromagnetic simulation results imply that the strong reconfigurable effects of PPA mainly depends on the electrical tuning on the part of graphene underneath the nanoslit; nevertheless, only tuning μ c for the part of graphene right under the silver nanoribbon influence the optical properties of PPAs very slightly. Therefore, the design for the nanoslit plays a critical role in enhancing the modulation effects of graphene-based PPAs. Next, we investigate the optical loss mechanism of proposed PPAs. The optical absorbance of a specific material at a specific λ is calculated by the following equation:
where V is the volume of material, ε" is the imaginary part of material dielectric permittivity, and E l is the local electric field. The optical transmission is blocked by the silver substrate, so the absorbance of graphene-based PPAs is determined by A(λ) = 1-R(λ), where R(λ) is the reflectance. The reconfigurable absorbance of the PPAs for various µ c is shown in Fig. 5(a) . It is observed from Figs. 5(b) and 5(c) that a majority of the optical loss in the PPA is attributed to the absorption inside the silver material, especially the silver nanoribbons. This indicates the typical character of PPAs. The reconfigurable absorption of graphene as a function of µ c is critical to influence the quality factors of absorption spectra, as shown in Fig.  5(d) . When µ c = 0.1 eV, graphene can be seen as alossy dielectric material, and its optical absorption is comparable to that of silver. However, the quality factor of resonant absorption for 0.1 eV is the lowest, which is consistent to the equivalent circuit analysis in Fig. 3(b) . When µ c is taken as 0.6 eV and 1.0 eV, the optical loss in graphene is greatly minimized, and this means that the MDM resonator of PPA has a smaller resistant load and demonstrates higher resonant quality factors. The discussion above is only based on normal incidence, but the robustness of optical response for non-normal incident angles is significant for spatial light modulation of active PPAs. Based on a series of simulations, we demonstrate the reflectance in Fig. 6 as a function of the free space wavelength and angle of incidence (keeping the wavevector in the x-z plane) for μ c = 0.3 eV and μ c = 1.0 eV, respectively. The reflectance of the graphene-loaded MDM structure is nearly independent of the incident angle, especially from 0° to 60°. When μ c = 0.3 eV, the reflectance maintains lower than 13.7% at the resonance wavelength of about 2108 nm from 0° to 60°, as shown in Fig. 6(a) . Similarly, when μ c = 1.0 eV, the reflectance keeps lower than 7.6% around 1950 nm from 0° to 60°, as shown in Fig. 6(b) . Figure 6 illustrates that μ c = 1.0 eV remains higher resonance quality factor of reflectance for various incident angles compared to μ c = 0.3 eV, which is the typical response feature of PPA at normal incidence as shown in Fig. 3(a) . The explanation is that the direction and amplitude of the magnetic field of the incident light remains unchanged with various incident angles, and this efficiently keeps the magnetic dipole response at all angles of incidence. Figure 6 also shows that the reflectance spectra tend to have a blue shift from 60° to 80°, which is due to the enhanced electric coupling between the silver nanoribbon and the substrate as the electric field component of z direction increases; nevertheless, the resonant offset because of tuning chemical potential changes slightly. Thus, the modulation effects of proposed PPAs are robust and reliable for non-normal incident angles.
Since the nanoslit plays a critical role in enhanced modulation effects, we next discuss the influence of the nanoslit height and width on spectral shift ∆λ for changing μ c from 0.3 eV to 1.0 eV, as demonstrated in Fig. 7 . When the height of the nanoslit t is very small and comparable with the thickness of graphene, the change of environmental permittivity from graphene is extremely considerable for the PPA and leads to a large spectral shift, as shown in Fig. 7(a) . As we know, it is difficult to deposit uniform silver with a thickness of several nanometers in practice, so we assume t starting from 6 nm, at which ∆λ is up to 181 nm. As t is increased to the skin depth of silver (~23 nm), ∆λ drops to 103 nm rapidly, because the coupling effect on graphene is lowered due to the attenuated field overlapping of SPPs generated from the upper and lower interfaces of silver nanoribbon. After the skin depth, the change of ∆λ is relatively moderate as t is increased. Next we study modulation effects due to changes in nanoslit width in Fig. 7(b) , and find that ∆λ generally drops from 291 nm to 47 nm as the nanoslit width increases from 5 nm to 90 nm. When the nanoslit width is less than 14 nm, ∆λ drops sharply as the width is increased; whereas, in the range from 14 nm to 90 nm, the value of ∆λ shows fluctuation with a periodic length of about 12 nm, which is approximately the wavelength λ SPP of the SPP wave on the interface between graphene and hBN for μ c = 1.0 eV, and the magnitude of the fluctuation tends to be smaller and smaller as the width increases. These features are attributed to distinct plasmonic nanoslit modes for μ c = 1.0 eV, as compared in Fig. 7(c) . When the neighboring silver nanoribbons are very close to each other (e.g. ~6 nm apart), the field coupling effect between them is extremely strong and results in high density light concentration through the nanoslit. In this case, the modulation effects are considerably enhanced. As can be seen in Fig. 7(c) , the field coupling between neighboring silver nanoribbons is subsequently weakened with an increase of the nanoslit width. However, there are two guided SPP waves interacting with graphene along opposite directions and propagating from the bottom of the nanoslit to the dielectric layer underneath silver nanoribbons. When the nanoslit width is large enough, the enhancement of light concentration through the nanoslit mainly depends on the field coupling between the edge of silver nanoribbon and the graphene layer at the bottom of the nanoslit. Due to the periodic characteristics of SPP waves on graphene, the light interaction between graphene and the edge of silver nanoribbon fluctuates, with any increase of the nanoslit width. The fluctuation depends on the change of λ SPP /2 for each silver nanoribbon, so thefluctuation period for the change of nanoslit width is approximately λ SPP . As can be seen from Fig. 7(c) , for μ c = 1.0 eV, a slit of 28 nm has a more intensified field interaction between graphene and the edge of silver nanoribbon compared to a slit of 25 nm, so the modulation effects of the 28 nm slit is obviously stronger. Finally, we consider extending the application of the proposed PPAs to a wide range of near-infrared light. Based on the theory of plasmonic perfect absorber, one can manipulate the range of operational wavelengths by tuning the width of silver nanoribbons in order to satisfy various near-infrared applications, as shown in Fig. 8 . When the width is 160 nm, the spectral shift of resonant wavelength for changing μ c from 0.3 eV to 1.0 eV is up to 258.2 nm, which is a tremendous value for graphene in the near-infrared range. Figure 8 also demonstrates that the modulation effect on spectral shift recedes with the reduction of nanoribbon width. 
Conclusion
In summary, we design graphene-loaded near-infrared perfect absorbers with enhanced nearinfrared modulation effects and robustness of almost omnidirectional absorption modulation. The enhancement of modulation effects are attributed to a plasmonic nanoslit mode, and the physics insight is demonstrated through an effective circuit model and analysis of field distribution. We also investigate the loss mechanism and optical response for a wide range of incident angles, and summarize the design principles of the nanoslit. A spectral shift of resonant wavelength as large as 258.2 nm is achieved by tuning the width of silver nanoribbons, and it is promising for obtaining stronger modulation effects in the near-infrared and even visible range based on further structural optimization. Our approach will provide a significant guide for the design of active plasmonic components or devices in the nearinfrared range based on graphene.
